A power allocation scheme is proposed to improve the outage performance for a wireless cooperative network with multiple energy-harvesting relay nodes. The optimization problem is formulated to minimize the system outage probability under the constraints of both relay joint maximum transmit power and individual energy limitation caused by energy-harvesting. The optimal transmit power of multi-relay can be solved by using Lagrange multiplier method. Simulation results show that the proposed power allocation scheme can reduce system outage probability efficiently.
Introduction
Cooperative communication has attracted increasing attention because of its ability to improve the performance of wireless networks efficiently [1] . Energy-harvesting (EH) has been regarded as an advanced technology to supply power for relay nodes, which can collect energy from renewable resources in ambient environment, so that the lifetime of energy-constrained wireless networks would be prolonged by energy-harvesting [2] .
Therefore, the combination of cooperative relaying and energy-harvesting has aroused lots of research interest [3] [4] . The authors of [5] investigate the power allocation scheme based on a two-hop EH cooperative network with single relay. A power allocation algorithm with the goal of maximizing the system throughput under the scenario of single relay is proposed in [6] . In this paper, both the source node and relay node work under the energy-harvesting model. The author of [7] proposes a power splitting-based relaying protocol for EH system, which the relay nodes harvest energy from the received signals and use it as the transmit power to forward the signals to the destination node. A two-hop relaying system with direct link and multiple energy-harvesting relays is taken into consideration in [8] . After that, the author gives the close-form expressions for the system outage probability, but the relay power allocation problem is not investigated. The authors of [9] consider a system model of two-hop and three nodes, and propose an optimal power allocation scheme of the source node based on minimum outage probability. However, this paper only takes the power allocation of the stable power supply source node into consideration, without the consideration of the power allocation problem of the EH relay node.
In this paper, we consider a two-hop system with multiple energy-harvesting relay nodes and without direct link between source node and destination node. An optimization problem for minimizing system outage probability is modeled under both relay joint maximum transmit power and individual energy constraints. After that, the optimal transmit power of energy-constrained relay nodes is obtained. Simulation results show that the proposed power allocation scheme can reduce system outage probability efficiently.
The rest of this paper is organized as follows: In Section 2, the system model is presented. In Section 3, we formulate the optimization problem to minimize system outage probability and obtain the optimal transmit power of EH relay nodes. Simulation results are presented and analyzed in Section 4. Finally, Section 5 concludes the paper.
System Model
The two-hop multi-relay network model is shown in Figure1, which is consist of one source node, one destination node and K relay nodes, denoted as S , D and (1 )
Multi-relay network model Assuming that there is no direct link between source node and destination node, and K relay nodes help forwarding the transmitted signal from S to D . All relay nodes operate in a half-duplex mode and cannot receive and transmit information simultaneously [10] . The communication process between S and D is divided into two phases. In the first phase, source node S broadcasts its information to all relay nodes. In the second phase, K relay nodes amplify the signal received in the first phase and forward it to the destination node D . Source node S has a fixed transmit power s P and powered by traditional stable way. Each relay node (1 )
is equipped with energy-harvesting device and collects energy from the received signal.
The received signal at the relay nodes in the first phase and at the destination node in the second phase can be expressed respectively as , ,
, ; 1, 2,...,
where x is the data symbol to be transmitted, s P and k r P are the transmit power of source node S and relay node k R , k r β is the power amplification factor of relay nodes and is given by ( ) [11]. The destination node uses maximal ratio combiner to combine the signals received from the K relay nodes [12] , and then the total signal to noise ratio (SNR) γ at destination node D can be expressed as 2 2 , , 2 2 0 0
According to [8] , the system outage event in energy-harvesting condition can be caused by two aspects, one is that the energy which is harvested by relay node k R is not enough to forward the information, another is the channel condition of
The outage probability of channel
where 0 R is the required transmission rate, the factor 1 2 is included because the signal is transmitted in two time slots.
Assuming that there is no direct link between source node and destination node, the expression of outage probability for energy-harvesting system is given by
where ex k p is called as energy-exhausted probability of relay node k R , which means k R cannot harvest enough energy to support the communication process.
Substituting Eq. (5) into Eq. (6), we have [8] ( )
So the optimization problem to minimize the system outage probability under the assumption of fixed source node transmit power s P can be formulated as 
Power Allocation Scheme
An optimal power allocation scheme based on minimum outage probability is proposed in this section. According to Eq. (7) and Eq. (8), and without loss of generality, assuming that the energy-exhausted probability of every relay node is equal, namely, 0 , 1, 2, ...,
Then the optimization problem of Eq. (8) can be simplified as 
From Eq. (7), we can see that the minimum outage probability can be obtained when 
Note that the Lagrange multiplier 1 l is selected to make the calculation and expression more convenient later in this paper.
Take partial derivation of Eq. (12) with respect to k r P , and make them equal to zero, then we get
In order to solve Eq. (13), we define 1  2   1  2   2  2  2  ,  ,  ,  2  2  2  , , ,
So we have 
where l is a constant which is selected to meet the relay joint maximum transmit power constraint. It can be obtained by using golden section method.
According to KKT (Karush-Kuhn-Tucker) conditions, when the outage probability get the minimum value, if k k eh r r P P > , the optimal power allocation must be obtained in the border, namely, k k eh r r P P = . So the optimal transmit power of relay k R is given by
The optimal power allocation scheme can be summarized by the following steps: 1) Initialize the counter variable k as 1 k = .
2) Calculate the harvested energy value 
5)
1 k k = + , if k K > , go to 6); otherwise, go to 2). 6) Obtain the optimal power allocation scheme.
Simulation Results and Analysis
The simulation parameters in this section are set just as in [14] . The required transmission rate is set as 0 1 R = , the distance between source node S and destination node D is 2. The relay nodes are uniformly distributed in the circle around the midpoint of S and D with radius 2. The channels between source node and relay nodes as well as relay nodes and destination node are modeled as Rayleigh fading channels. The channel coefficients are modeled as complex Gaussian variables, that is It can be observed from Figure2 (a) that in medium SNR region, the proposed optimal power allocation scheme can achieve about 3dB performance gain against the equal power allocation scheme. In high SNR region, with the change of the number of relay nodes, the outage probability close to The outage performances of different maximum transmit power max P of the relay system are compared in Figure2 (b). Assuming that there are 2 K = relay nodes and max P is set as 0.2, 0.5, 1.0 and 1.2, respectively. It is obvious that when max P is small, the performance gain can be improved in a certain degree through increasing max P appropriately. But with the continued to increase the transmit power, there is hardly any improvement of the performance gain. This is because the transmit power of the energy-harvesting relay nodes is limited by the harvested energy. So if only increase max P unilaterally, the improvement of the performance gain is very little.
Conclusions
In this paper, the two-hop and AF-based scenario with multiple energy-harvesting relay nodes and without direct link from source node to destination node is discussed. We propose an optimal power allocation scheme to minimize the system outage probability. The simulation results show that the proposed OPA scheme is superior to the EPA scheme on the performance, and the performance gain can be improved in a certain degree through increasing the joint maximum transmit power appropriately.
